Failure of passive transfer (FPT) is a condition in which neonates do not acquire protective serum levels of maternal antibodies. A principal component of antibody transport is the neonatal receptor for the Fc portion of immunoglobulin, a heterodimer of a MHC-1 alpha-chain homolog (FCGRT) and beta-2-microglobulin (B2M). Previously, two FCGRT haplotypes were associated with differences in immunoglobulin G (IgG) passive transfer in cattle (Laegreid et al. (2002) Mamm Genome 13, 704-710). The present study had two objectives: first, to characterize the B2M haplotype structure in a diverse group of U.S. beef cattle, and second, to evaluate those haplotypes for association with either high or low serum IgG levels in newborn calves. Twelve single nucleotide polymorphisms (SNPs), assorted into eight haplotypes, were identified by sequencing regions of B2M exons II and IV in a multi-breed panel of 96 beef cattle. Calves homozygous for one of the eight haplotypes (B2M 2,2) were at increased risk of FPT (odds ratio = 10.60, CI 95% 2.07-54.24, p = 0.005). These results indicate that this haplotype is in linkage disequilibrium with genetic risk factors affecting passive transfer of IgG in beef calves, an important determinant of neonatal calf morbidity and mortality.
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Placental transfer of immunoglobulin does not occur in cattle (Smith and Little 1922; Mikulska et al. 2000) . Calves obtain maternal antibodies solely from colostrum, the immunoglobulin G (IgG) and proteinrich milk produced near parturition (Butler 1974; Stott et al. 1976 Stott et al. , 1979a ). Maternal IgG is transported across the neonatal intestinal epithelium within the first 24 h of life, travels through the lymphatics, and enters blood circulation via the thoracic duct (Blood and Radostits 1989; Besser and Gay 1994) . Failure of passive transfer (FPT) results from the reduced transfer of IgG to neonatal serum.
A number of factors contribute to FPT, including seasonality (Gay et al. 1965 (Gay et al. , 1983 McEwan et al. 1970 ), time of colostrum ingestion after birth (Stott et al. 1979b ), prolonged birth (Szenei 1983; Besser et al. 1990 ; Weaver et al. 2000) , housing conditions (with or without dam) (Stott et al. 1979c) , and genetics (Norman et al. 1981 ; Muggli et al. 1987; Vann et al. 1995; Laegreid et al. 2002) . Calves affected with FPT have increased morbidity and mortality rates (Wittum and Perino 1995) . Thus, FPT represents a significant risk to the health of calves.
In mammals, the neonatal receptor for the Fc portion of IgG (FcRn) has prominent maternal and neonatal roles in IgG transfer. In neonatal rodents, evidence suggests that FcRn binds IgG on the luminal plasma membrane of intestinal epithelium and mediates the transcytosis of IgG to the basolateral surface (Rodewald and Kraehenbuhl 1984; Israel et al. 1995) . In murine lactating mammary glands, FcRn appears to function as a recycling receptor transporting IgG away from the milk glands (Cianga et al. 1999 ). In sheep, immunohistological evidence suggests that FcRn is differentially localized in mammary acinar epithelial cells before and after parturition (Mayer et al. 2002) . In cattle, expression of FcRn genes has been detected in lactating mammary glands (Adamski et al. 2000 ; Kacskovics et al. 2000) . In bovine neonates, IgG and other constituents of colostrum are transported across the intestine by nonselective pinocytosis (Besser and Gay 1985) .
Although specific transport mechanisms for IgG absorption by neonates have not been described, the biology of FcRn in other species suggests it may have critical transport roles in either the dam or the calf.
FcRn consists of a heterodimer of two different polypeptides (Simister and Mostov 1989; Simister et al. 1997 ); a class 1 major histocompatibility complex (MHC-I) a-chain homolog encoded by FCGRT on bovine Chr 18 (Laegreid et al. 2002) , and b 2 M on bovine Chr 10 (Band et al. 2000) . Previous work has shown that two FCGRT haplotypes, one in dams and one in calves, are negatively associated with levels of IgG concentration in calf serum (Laegreid et al. 2002) . Because b 2 M is also an integral component of the FcRn heterodimer, this gene represents a plausible candidate locus for evaluating haplotype markers for association with FPT. Association mapping (or linkage disequilibrium [LD] mapping) makes use of the haplotype ''block'' structure in a particular genomic region of affected and control individuals. A haplotype block is a genomic region defined by minimal evidence of recombination in the population of interest (Gabriel et al. 2002) . This study describes the identification and frequency of eight b 2 M haplotypes in U.S. beef cattle and evaluates their association with neonatal serum IgG concentration. Calves born in the spring and fall of 2000 were used for this study. Each case animal was matched with two control animals by birth date, sex, and herd. Blood was collected from calves 24 h after birth for the measurement of serum IgG concentration and DNA extraction as previously described (n = 608 cow-calf pairs; Laegreid et al. 2002) .
Materials and methods

Animal
Primer design, DNA amplification, and sequencing. Human and bovine b 2 M sequences were obtained from GenBank (http://www.ncbi.nlm.nih. gov) and The Institute for Genomic Research (TIGR; http://www.tigr.org). Alignments of b 2 M sequence from human genomic DNA, cDNA, and bovine cDNA were constructed in Vector NTI Suite 7.0 (InforMax, Inc. Bethesda, Md.) and used to predict regions of bovine coding sequences (CDS) and intron/ exon boundaries in cDNA. Polymerase chain reaction (PCR) primers were designed by using Oligo 6.0 software (Molecular Biology Insights, Cascade, Colo.) and were purchased from commercial vendors. Regions of b 2 M exon II (BTAB2MDS4) and exon IV (BTAB2MDS3) were selected for PCR amplification based on preliminary experiments of primer performance. Amplicons from the multi-breed diversity panel were sequenced with BigDye terminator chemistry on an ABI 3700 capillary sequencer (PE Applied Biosystems, Boston, Mass.) according to the manufacturer's protocols. PCR products were sequenced with either the amplification primers or primers nested within the amplicon ( (Nickerson et al. 1997) software. Animals with homozygous genotypes or one heterozygous site were unambiguously assigned b 2 M haplotypes. Amplicons from individuals with more than one heterozygous site were ligated with plasmid DNA (Topo TA cloning vector 2.1) and transformed into chemically competent cells (Topo F') (Invitrogen, Carlsbad, Calif.) to unambiguously define haplotype phase. PCR and cloning were performed in triplicate for each animal tested. b 2 M haplotype relationships were analyzed with a median-joining network algorithm (Bandelt et al. 1999 ) in Network 3.1.0.1 (www.fluxus-engineering.com).
Matrix-assisted laser desorption-ionization time-of-flight mass spectrometry (MALDI-TOF MS) genotyping. SNPs identified by sequence analysis were verified by homogeneous MassEXTEND (hME) MALDI-TOF MS genotyping (Sequenom, Inc., San Diego, Calif.). Five multiplex reactions were designed to genotype 12 SNP loci (available upon request). Post-PCR procedures, including unincorporated dNTP digestion, hME reaction preparation and thermocycling, and the purification of hME reactions were conducted according to the manufacturer's instructions. Analytes were arrayed onto silicon chips (Sequenom, Inc.), and MALDI-TOF MS was conducted with an array mass spectrometer (Bruker Daltonics Inc., Billerica, Mass.). Resulting genotypes were stored in a relational database (Oracle, Inc., Redwood City, Calif.) with proprietary software (Sequenom, Inc.).
Linkage mapping. Haplotype combinations of individuals in the MARC reference population were inferred from genotypes and based on the known haplotypes identified in MBCDP2.1. These haplotype data were used to verify the location of b 2 M on bovine Chr (BTA) 10 and to estimate its position within the linkage group. The b 2 M marker was mapped by using a perl (www.perl.com) interface to CRI-MAP version 2.4 (Green et al. 1990 ). Assignment to a linkage group was accomplished via the TWOPOINT option to determine associations between the b 2 M marker and a subset of previously mapped markers representing all chromosomes. Marker position in the assigned linkage group was determined by multi-point FIXED evaluations with the b 2 M marker placed in each possible position within the linkage group. Phase likelihood was determined with CHROMPIC to identify unlikely genotypes. Additional mapping information is available in the MARC cattle genome database (www.marc.usda.gov).
Evaluation of b 2 M haplotypes for association with high or low neonatal serum IgG levels. Neonatal serum IgG concentrations were measured as previously described (Laegreid et al. 2002) . Briefly, calf blood was drawn 24-48 h after 2 ] was used to test for differences in the distribution of b 2 M haplotypes between cases and controls in models of dominance, overdominance, additive and recessive inheritance. Association of specific b 2 M haplotypes with FPT and HPT was evaluated by multiple logistic regression, with the most common haplotype in the test population used as the reference condition. Pearson chi-square was used to determine the goodness-of-fit for the models. (Fig. 1) . Consensus DNA sequence from these amplicons was 100% identical with consensus Bos taurus b 2 M sequence available at the TIGR website, indicating that both amplicons were derived from bovine b 2 M genomic DNA. A comparison of the individual b 2 M DNA sequences revealed 12 polymorphic sites. Eleven SNPs were identified in the 3¢ untranslated region (UTR) and one in the coding region of exon II (S85, synonomous). Alleles from one set of five SNPs (AH27-2, 4, 5, 11, 12) were in perfect LD (phase) in all animals from the multi-breed panel (Table 2) . Similarly, alleles from two other SNPs, AH27-7 and 9, were in perfect LD in the same panel of animals. Because the set of SNP alleles present on a DNA segment of a single chromosome defines a haplotype allele, and a significant proportion of the SNP alleles were in perfect LD, this set of 12 markers contains redundant coverage of haplotype diversity within the b 2 M locus. Eight distinct b 2 M haplotypes were observed in the multi-breed diversity panel (Table 3) . produced an unrooted tree with 13 nodes (data not shown). To estimate b 2 M haplotype ancestry in cattle, related species from the MASP2.0 panel were sequenced, and their allelic state was scored at the corresponding 12 SNP sites. Complete haplotype information was obtained for bison, gaur, water buffalo (haplotype 9), bighorn sheep, domestic sheep, and mountain goat (triangle haplotype) (Fig. 2 ). An analysis of the eight bovine and two MASP2.0 panel haplotypes with the median-joining algorithm identified two major bovine lineages, five theoretical b 2 M haplotypes, and an ovine specific lineage. Because haplotype 9 was observed in bison, gaur, and waterbuffalo, and was predicted as a node of one cattle lineage, this haplotype may have been present in a recent ancestor common to these species. The median-joining tree indicates that haplotype 11 is the most likely ancestral haplotype of the two bovine lineages because it is arranged between haplotypes 9, 13, and the ovine specific haplotype (Fig. 2, triangle) . Conversely, bovine haplotypes present on the terminal nodes of the tree (2, 3, 6, 8) are predicted to represent younger mutations with regard to their haplotype lineages. Five of the observed haplotypes (1, 2, 3, 6, 7) are present in one major lineage and in breeds influenced primarily by B. taurus germplasm. The three remaining observed haplotypes (4, 5, 8) are present in the other major lineage and were prevalent in breeds influenced by B. indicus germplasm. multi-point linkage analysis by the gene locus map position approximately 107 cm from the centromere of BTA 10, the chromosome previously predicted (Band et al. 2000) . Because of the relatively high LD among the SNP alleles, the eight b 2 M haplotypes appear to represent the majority of diversity for this region of the genome in U.S. beef cattle populations.
The association of b 2 M genotype 2,2 with FPT indicates that a genomic block containing b 2 M has one or more genetic risk factors affecting IgG transfer. Haplotype 2 is defined by an SNP allele within the 3¢UTR (exon 4; AH27-3), and the possibility that it directly effects passive transfer cannot be excluded. Regardless of the precise location of alleles influencing FPT, AH27-3 represents a useful marker for predicting FPT since calves that inherit the b 2 M genotype 2,2 are 10 times more likely to fail passive transfer than calves with other b 2 M genotypes. The significance of this finding is increased by the observation that the 2,2 genotype was found in 9% of a diverse group of U.S. beef cattle.
Haplotype alleles for each gene of the neonatal Fc receptor (FCGRT and b 2 M) have now been evaluated for association with FPT. These alleles reside on different bovine chromosomes and therefore represent genetic risk associated with FPT from different haplotype blocks. With regards to FCGRT, dams with one or more copies of FCGRT haplotype 3 were previously shown to be 3.8 times more likely to have a calf with FPT (Laegreid et al. 2002) . This raises the question: if dams with FCGRT haplotype 3 give birth to calves with two copies of b 2 M haplotype 2, what are the odds that the calves will fail passive transfer? Only three dam/calf pairs in the present study met this criterion, and thus there were not enough cases to be statistically significant. However, all three of the calves were cases of FPT. Consequently, a cumulative effect between haplotype alleles in the FCGRT and b 2 M genomic regions cannot be ruled out.
Prospective studies designed to determine the attributable risk and predictive value of both b 2 M and FCGRT haplotype markers are needed to help determine how best to manage these alleles in production settings. Managing alleles with significant predictive value for FPT may facilitate the reduction of infectious diseases in beef cattle. Names are necessary to accurately report the available results; however, the USDA neither guarantees nor warrants the standard of the product, and the use of names by USDA implies no approval of the product to the exclusion of others that may also be suitable.
